The aim of this study was to investigate the electrochemical behavior of Co-Cr alloy in artifi cial saliva containing (−)-epigallocatechin gallate (EGCG) and to characterize the composition and structure of the passive fi lm formed by potentiodynamic polarization. Electrochemical measurements ranked the corrosion resistance of Co-Cr dental cast alloy as follows when exposed to artifi cial saliva containing different concentrations of EGCG: 4.0 g/L<2.0 g/L<0 g/L<0.5 g/L<1.0 g/L. This showed that the concentration of EGCG in artifi cial saliva affected the corrosion behavior of Co-Cr alloy. X-ray photoelectron spectroscopy (XPS) results revealed that the outermost surface layer on Co-Cr alloy was mainly composed of Cr 2 O 3 and EGCG-Cr (III) ion complex, which were formed by redox and complex formation reactions respectively. When the redox reaction was dominant, Co-Cr alloy exhibited high corrosion resistance in EGCG-containing artifi cial saliva. On the contrary, when the complex formation reaction was dominant, Co-Cr alloy exhibited low corrosion resistance.
INTRODUCTION
Cast Co-Cr alloy is the material of choice for prosthodontic restorations, especially in developing countries, because of these cost-and function-related advantages: good physical and mechanical properties, excellent corrosion resistance, high biocompatibility, and low cost [1] [2] [3] [4] . Though well-known for their excellent corrosion resistance in the human body, Co-Cr alloys could undergo electrochemical corrosion when exposed to an electrolyte-rich fl uid medium in the oral cavity 5, 6) . The corrosion properties of metal alloys depend on a number of factors: alloy composition, potential values, strain rate, surface roughness, degree of oxidation, acidity (pH) and temperature of media, mixing velocity of solution, and the presence of corrosion inhibitors 7) . The oral cavity, on the other hand, is a dynamic environment that often undergoes rapid and substantial changes in temperature and pH, typically instigated by changes in the diet and unconscious regular contact with metal ions (arising from contact with fi xed orthodontic applicances such as brackets, bands, and archwires). It is also a complex environment involving biological interactions contributed by a continuous fl ow of saliva and microbiological activity. Other factors that place severe demands on restorative materials in the oral cavity include occlusal loading, which results in mechanical wear and corrosion 8) . Corrosion of a metal prosthesis in the mouth releases metal ions, which then come into contact with cells and tissues in the immediate environment, and are subsequently distributed throughout the entire body 9, 10) . Metal ions released from dental cast alloys not only produce adverse effects on the morphology, viability, and proliferation rate of gingival fi broblasts, they also result in increased cytokine levels of Interleukin 2 (IL-2) and Interleukin 6 (IL-6) [11] [12] [13] [14] [15] . Tea has been consumed in many countries for a very long time. It is ranked as the second most popular beverage in the world after water. Today, there is an intense growing interest in the health benefi ts of tea, as evidenced by the many published reports on how tea could help prevent several chronic diseases. (−)-Epigallocatechin-3-gallate (EGCG) is the most important bioactive component in green tea and reportedly exhibits antimutagenic, antibacterial, antioxidant, antitumor, and cancer-preventive activities [16] [17] [18] [19] [20] . Many researches have focused on the interactions of catechins with metal ions and their biological signfi cance [21] [22] [23] . It was found that catechins could engage in redox reactions or chelating interactions with metal ions, especially transition metal ions, under different conditions 24) , consequently changing their metabolism and bioactivities. In the oral environment, Co-Cr alloys have regular contact with tea beverages. Such contact or interaction may affect the corrosion resistance of CoCr alloys, causing metal ions to be released from alloys during tea drinking. However, the effect of tea drinking on the corrosion resistance and metal ion release behavior of Co-Cr dental cast alloys in artifi cial saliva containing EGCG remains to be investigated.
The aim of this study was to investigate the corrosion behavior of Co-Cr alloy in artifi cial saliva Effect of (−)-epigallocatechin gallate on electrochemical behavior and surface fi lm composition of Co-Cr alloy used in dental restorations containing EGCG and to characterize the composition and structure of the passive fi lm formed on the surface by means of X-ray photoelectron spectroscopy (XPS). The concentrations of metal ions released from Co-Cr alloy in artifi cial saliva with different concentrations of EGCG were measured using inductively coupled plasma mass spectrometry (ICP-MS).
MATERIALS AND METHODS

Co-Cr alloy sample preparation
In the present study, the selected Co-Cr dental cast alloy was composed of 61.0 wt% Co, 26.0 wt% Cr, 6.0 wt% Mo, 5.0 wt% W, and 2.0 wt% of other elements (Wirobond, BEGO, Germany). To prepare the alloy samples, investment casting was done using a sheet wax pattern of 10 mm diameter ×1.5 mm thickness. Alloy melting was done in a vacuum arc melting furnace under a protective argon gas atmosphere. All the alloy ingots were melted three times to ensure homogeneity.
Prepared alloy samples were mechanically polished using increasing fi ner grades of silicon carbide papers (400-, 600-, 800-, 1000-, and 1200-grit), followed by polishing with 1-μm diamond paste. After polishing, the samples were successively cleaned with acetone, alcohol, and deionized water in an ultrasonic bath. Drying was done in a stream of warm dry air 25) .
Electrochemical measurements
The corrosion behavior of Co-Cr alloy was investigated using three different electrochemical techniques: open circuit potential (OCP), potentiodynamic polarization (PD), and electrochemical impedance spectroscopy (EIS). All electrochemical measurements were conducted using an electrochemical workstation (PARSTAT 2273, Princeton Applied Research, USA). A three-electrode electrochemical cell was used. It comprised a saturated calomel electrode (SCE) as the reference electrode, a platinum foil as the counter electrode, and Co-Cr alloy as the working electrode. The Co-Cr alloy working electrode was placed in a fl at cell such that only 0.785 cm 2 of surface area was exposed to the electrolyte solution. Calibration temperature was maintained at 37±0.5°C by immersing the test cell in a water bath. All electrochemical tests were conducted only after Co-Cr alloy sample was immersed in the electrolyte for 24 h.
The electrolyte was modifi ed artifi cial saliva 26, 27) of the following composition:
, and urea (1 g/L). The electrolyte solution was prepared using analytical-grade reagents and deionized water. pH value of artifi cial saliva was adjusted to 6.5 using NaOH. The recommended daily green tea intake is 6-16 g, and it varies with age 28, 29) . About 20-30% of the total dry weight is green tea polyphenols, of which EGCG accounts for 60-80%. To investigate the effects of different EGCG concentrations on the corrosion behavior of Co-Cr dental alloy, fi ve concentrations of EGCG (0 g/L, 0. OCP measurements were performed for 1,800 s, respectively, in artifi cial saliva containing fi ve different EGCG concentrations (0, 0.5, 1.0, 2.0, 4.0 g/L). Potential was recorded as a function of measurement time. EIS and PD measurements were performed after OCP measurement. EIS measurements were carried out at respective OCP values with a sinusoidal signal amplitude of 5 mV over a frequency range of 100 kHz to 10 mHz. PD scans started from a cathodic potential of -1,000 mV/ SCE relative to OCP and stopped at an anodic potential where the anodic current increased dramatically. Scanning rate was 1 mV/s. At least three measurements were performed for each EGCG concentration to confi rm the validity of the measured polarization curves and EIS data.
Ion release measurement ICP-MS (VG-X7, Thermo Electron Corp., USA) was used to measure the possible release of Co, Cr, and Mo ions into the electrolyte. For each EGCG concentration, a sample of the electrolyte solution was taken from the electrochemical cell after each OCP test to measure the concentrations of Co, Cr, and Mo ions released. At least three replicate measurements were performed for each solution sample. Ion release measurement results (given in ug/L) were converted into ug/cm 2 to be expressed in terms of per unit surface area of Co-Cr alloy.
Surface analysis
Using an X-ray photoelectron spectrometer (PHI 5000, Versa Probe, Japan) with monochromatized Al Ka radiation (1486.6 eV), XPS measurements were performed to analyze the chemical compositions of and oxidation states of elements in the passive fi lm after electrochemical measurements. Photoelectron takeoff angle was set at 45° with reference to the sample surface. Vacuum in analyzing chamber was maintained at a level of 10 −8 Pa during analysis. Binding energy was normalized to the C 1s peak (Eb=284.8 eV) of EGCG or complex on the sample. XPS data were converted to VAMAS format and imported into the XPSPEAK software package for manipulation and curve-fi tting.
Statistical analysis
All measured data -namely, Ecorr, Eb, ΔE, Rct, and ion release measurement results of Cr, Co, and Mo ionswere statistically analyzed using one-way analysis of variance (ANOVA) and multiple comparisons test (LSD post hoc test) to examine the effect of the factor of EGCG concentration. Group means of 95% difference were considered to be statistically different. Figure 1 shows the potential versus time curves of Co-Cr dental cast alloy, which was exposed to artifi cial saliva containing fi ve different concentrations of EGCG, over an immersion duration of 1,800 s. During the initial 400 s, the OCP values of Co-Cr alloy in different EGCG concentrations changed with time conspicuously. After the initial 400 s of immersion, the OCP values of CoCr alloy became stable in EGCG-containing salivary electrolytes. During the entire immersion duration, the alloy sample exposed to 1.0 g/L of EGCG consistently showed the highest OCP among the fi ve EGCG concentrations. At the end of 1800-s immersion period, the OCP value stabilized at around -169 mV/SCE. In sharp contrast, the sample exposed to 0 g/L of EGCG consistently showed the lowest OCP. At the end of immersion period, its OCP value stabilized at around −268 mV/SCE, to be followed by the OCP of sample exposed to 0.5 g/L of EGCG.
RESULTS
Open circuit potential (OCP)
The alloy sample exposed to 4.0 g/L of EGCG showed active OCP variations, where OCP varied rapidly from its initial high value at -171 mV/SCE to a relatively stable value at -190 mV/SCE. The sample exposed to 2.0 g/L of EGCG showed moderate OCP variation from -233 mV/SCE to -247 mV/SCE.
OCP values attained with EGCG-containing salivary electrolytes were higher than that exposed to 0 g/L of EGCG. Relative OCP stability observed for EGCG-containing salivary electrolytes after 400 s of immersion illustrated that there were some slow and regular reactions on the surface of Co-Cr casting alloy. This could refl ect the adsorption of electrolyte on alloy surface to reach a stable and saturated state. Figure 2 shows the representative PD curves of Co-Cr alloy in artifi cial saliva containing different concentrations of EGCG over a potential range of −1,500 mV to +1,500 mV. The cathodic polarization curves represented the cathodic hydrogen evolution reaction through water reduction, while the anodic ones represented the dissolution process of Co-Cr alloy.
Potentiodynamic polarization (PD) curves
The corrosion potentials (E corr) in Fig. 2 were different from the OCP values in Fig. 1 . Surface conditions of the electrodes could be modifi ed by potentiodynamic polarization because potential sweep was applied from -1,500 mV; therefore, the potential drifts were reasonable 30) . This is a common phenomenon in many electrochemical systems.
Although
In all the PD curves, the visible anodic current density plateau was attributed to the formation of some protective fi lm on the surfaces of all the alloy samples. Then, the anodic portions of the PD curves exhibited a similar curve shape with a pronounced breakdown potential (Eb). After which, current densities were observed to increase rapidly with little associated increase in potential.
Passive current density is defi ned as the minimum current density required to maintain passivity 31) . The passive current (corrosion rate with anodic protection) can be evaluated from anodic potentiodynamic polarization curves such as in Fig. 2 . Passive current densities do not represent the steady-state values, which are lower, but rather a close approximation. Table 1 shows the potential differences (ΔE) of Co-Cr alloys in artifi cial saliva containing different concentrations of EGCG. As EGCG concentration increased from 0 to 1.0 g/L, ΔE increased from 1,309.50±8.82 to 1,416.00±21.64 mV/SCE. As EGCG concentration increased from 2.0 to 4.0 g/L, ΔE decreased from 1,271.75±28.03 to 1,223.00±54.89 mV/SCE. Therefore, Co-Cr alloy exhibited the highest corrosion resistance in artifi cial saliva with a low concentration of EGCG at 1.0 g/L. Conversely, Co-Cr alloy exhibited the lowest corrosion resistance in artifi cial saliva with a high concentration of EGCG at 4.0 g/L.
Electrochemical impedance spectroscopy (EIS)
Changes in corrosion potential in artifi cial saliva containing different concentrations of EGCG should also be refl ected in the electrochemical impedance properties of fi lms formed on alloy surfaces. Figure 3 shows the EIS results of alloy samples in artifi cial saliva containing different concentrations of EGCG (0, 0.5, 1.0, 2.0, 4.0 g/L). Bode impedance plots of Co-Cr alloys clearly revealed the dependence of impedance on EGCG concentration in the base solution (artifi cial saliva), which was also refl ected in the change in diameter of semicircles in the Nyquist plots.
For a better understanding of the controlled corrosion process, Fig. 4 shows the equivalent circuit for EIS measurements in this study. High frequency capacitance loop was mainly related to the characteristics of electric double layer formed at the interface between the metal surface and electrolyte, which can be described by Rct and CPE 32) . Rct was the charge transfer resistance parameter which represented the resistance of electron transfer during electrochemical reactions at the interface between the electrode and solution 33) , while CPE was the constant phase element. Taking the rough metal surface into account, CPEdl was used instead of the electric double layer capacitance. Rs referred to the solution resistance.
As seen in Fig. 3 , the Nyquist plots of both experimental and simulated data showed very good agreement. Table 2 shows the simulated data which were Taken together, results of electrochemical measurements in this study unanimously ranked the resistance corrosion of Co-Cr dental cast alloy as follows according to its exposure to artifi cial saliva containing different concentrations of EGCG: 4.0 g/L<2.0 g/L<0 g/ L<0.5 g/L<1.0 g/L. Table 3 shows the concentrations of Co, Cr, and Mo ions released from Co-Cr alloys in artifi cial saliva containing different concentrations of EGCG (0, 0.5, 1.0, 2.0, 4.0 g/L). At 4.0 g/L of EGCG, the highest concentrations of Co, Cr, and Mo ions were released from Co-Cr alloy. Conversely at 1.0 g/L of EGCG, the lowest concentrations of metal ions were released. These results were in good agreement with the results of electrochemical measurements above. Table 4 lists the compositions of the outermost surface layers on Co-Cr alloys, as determined by XPS, after electrochemical corrosion in artifi cial saliva containing 0 and 1.0 g/L of EGCG. Figure 5 shows the full XPS survey spectra of Co-Cr dental alloy surfaces after electrochemical corrosion in artifi cial saliva containing 0 g/L and 1.0 g/L of EGCG and before argon ion sputtering. At 1.0 g/L of EGCG, the dominant elements were O, C, and Cr at 64.32, 18.98, and 11.99 at% respectively (Table 4 ). The C 1s peak at 284.8 eV could be attributed to C-C or C-O bonding, stemming from the artifi cial saliva containing EGCG. At 0 g/L of EGCG, the concentrations of Co and C increased, while those of Cr and O decreased.
Ion release
X-ray photoelectron spectroscopy (XPS)
Before argon ion sputtering, Co was not found in the XPS spectrum for 1.0 g/L of EGCG. Figure 6 shows the high-resolution XPS spectra of Co after sputtering. Co 2p 3/2 and Co 2p1/2 peaks were decomposed into two peaks respectively. Figure 7 shows the high-resolution XPS spectra of Cr before and after argon ion sputtering. Before sputtering, the spectra revealed two dominant peaks: Cr 3+ 2p3/2 at 577.55 eV and Cr 3+ 2p1/2 at 587.27 eV. After 120 s of argon ion sputtering, the dominant Cr 2p3/2 and Cr 2p1/2 peaks decomposed into two peaks respectively. Cr 0 and Cr 3+ peaks in Cr 2p3/2 and Cr 2p1/2 spectra indicated the presence of metallic and oxidation states respectively. The Cr 0 peaks in Cr 2p3/2 and Cr 2p1/2 spectra at 575.21 eV and 585.01 eV corresponded to the metallic state in Co-Cr alloy. Figure 8 shows the curve-fi tted high-resolution spectra of C 1s core level before argon ion sputtering, which consisted of three peaks. According to reported data 34) , peak 1 at 284.78 eV was assigned to the carbon Figure 9 shows the curve-fi tted high-resolution spectra of O 1s core level before and after argon ion sputtering. Before sputtering, the spectra consisted of three peaks ( Fig. 9(a) ). Peak 1 corresponded to the oxidation state in Cr2O3. Peak 2 was attributed to hydroxyl or hydroxide, OH -. Peak 3 was assigned to adsorbed water, H2O. After sputtering, the spectra also consisted of three peaks (Fig. 9(b) ).
DISCUSSION
OCP results showed that after a few minutes of immersion, Ecorr stabilized at a constant value, indicating that a stable passive fi lm was formed on the alloy surface. This passive fi lm was mainly composed of Cr2O3, as determined by XPS. A good correlation was found between the OCP and PD results. In all the PD curves, a visible anodic current density plateau was observed for the fi ve different EGCG concentrations, indicating the formation of some protective fi lm on all the alloy surfaces. After which, a broad passive region spanning over a large potential range was observed for all the EGCG concentrations, which was prior to the occurrence of localized pitting corrosion at a high potential above 500 mV. Within the passive region, current density was maintained at a steady, low level. Passive current varied slightly with the different concentrations of EGCG, indicating that the addition of EGCG affected the corrosion behavior of Co-Cr alloy. It was reported that metallurgical heterogeneities of alloys contributed to localized corrosion 35) . In the present study, it was determined by XPS that the outermost surface layer on Co-Cr alloy consisted mainly of Cr2O3 after electrochemical corrosion; in other words, the major constituent was Cr (about 90% Cr oxides) [36] [37] [38] . In the passive fi lm, Cr was present mainly as Cr (III) oxide and in a smaller amount as Cr (III) hydroxide 36) . Cr (III) hydroxide decomposed into Cr (III) metal ion in the EGCG-containing salivary electrolytes. While the oxides of Cr formed the major constituent of the outermost surface layer, the oxides of Co were dissolved. Hence, XPS spectra of the passive fi lm before argon ion sputtering did not detect Co in the outermost layer. However, the metallic and oxidation states of Co were detected after 120 s of argon ions sputtering. Thus, it could be concluded that Co was not very signifi cant in either the formation of oxides or the corrosion behavior. Apart from Co oxides, another minor constituent of the passive layer were Mo oxides. Although Mo is less important than Cr, alloys with less Mo are more susceptible to pitting 39) . XPS results also revealed that the composition of the outmost surface layer included EGCG-Cr (III) ion complex. The complexing behaviour of EGCG with metal ions such as Al 3+ and Mn 2+ has been previously reported [40] [41] [42] . Signifi cant differences exist between the complex formation properties of EGCG and other polyphenols lacking the gallate ring (D-ring). Major coordinate bonds in EGCG metal complexes are formed by the gallate ring, while the gallocatechin ring (B-ring) has a secondary coordination effect [40] [41] [42] . In the present study, it seemed probable that the central -OH group of B-ring was deprotonated and coordinated to Cr 3+ ion. When -O − atom of the B-ring was coordinated to the same Cr 3+ ion which was bonded to two -O − atoms of the D-ring, a large strain was induced in the coordinated EGCG molecule. Figure 10 is a schematic diagram which illustrates the probable complex formation reaction between EGCG and Cr (III) ion.
The corrosion process which took place in EGCGcontaining artifi cial saliva was essentially a redox reaction. It is noteworthy that EGCG and hydroquinone belong to the same of polyphenols. During the redox reaction between Cr (VI) ion and EGCG, Cr (VI) was reduced to Cr2O3 and hydroquinone (H2Q) was oxidized to semiquinone (HQ
